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Non-equilibrium leachingColumn leaching tests are closer to natural conditions than batch shaking tests and in the last years have
become more popular for assessing the release potential of pollutants from a variety of solids such as con-
taminated soils, waste, recycling and construction materials. Uncertainties still exist regarding equilibra-
tion of the percolating water with the solids, that might potentially lead to underestimation of
contaminant concentrations in the efﬂuent. The intention of this paper is to show that equilibration of
pore water in a ﬁnite bath is fundamentally different from release of a certain fraction of the pollutant
from a sample and that equilibrium is reached much faster at low liquid-to-solid ratios typical for column
experiments (<0.25) than in batch tests with much higher liquid-to-solid ratios (e.g. 2–10). Two mass
transfer mechanisms are elucidated: First-order type release (ﬁlm diffusion) and intraparticle diffusion.
For the latter, mass transfer slows down with time and sooner or later non-equilibrium conditions are
observed at the column outlet after percolation has been started. Time scales of equilibrium leaching
can be estimated based on a comparison of column length with the length of the mass transfer zone,
which is equivalent to a Damköhler number approach. Mass transfer and diffusion coefﬁcients used in
this study apply to mass transfer mechanisms limited by diffusion in water, which is typical for release
of organic compounds but also for dissolution of soluble minerals such as calcite, gypsum or similar. As a
conclusion based on these theoretical considerations column tests (a) equilibrate much faster than batch
leaching tests and (b) the equilibrium concentrations are maintained in the column efﬂuent even for slow
intraparticle diffusion limited desorption for extended periods of time (>days). Since for equilibration the
speciﬁc surface area is crucial, the harmonic mean of the grain size is relevant (small grain sizes result in
high concentrations even after short pre-equilibration of a column). The absolute time scales calculated
with linear sorption and aqueous diffusion aim at organic compounds and are not valid for sparingly
soluble mineral phases (e.g. metal oxides and silicates). However, the general ﬁndings on how different
liquid-to-solid ratios and speciﬁc surface area inﬂuence equilibration time scales also apply to other mass
transfer mechanisms.
 2014 The Author. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Laboratory column percolation tests have become more widely
accepted for assessing risks of seepage and groundwater pollution
by aqueous leaching of recycling materials, soils, construction
products, etc. (Maszkowska et al., 2013; Krüger et al., 2013, 2012,
Beyer et al., 2009). While column tests are much closer to real
conditions in terms of low liquid-to-solid ratios than batch shaking
tests (López Meza et al., 2010, 2008, Delay et al., 2007), they have
to be operated often at higher ﬂow velocities than present in the
ﬁeld because of practical reasons (duration less than a week,
sufﬁcient volume of aqueous leachate for analysis, etc., see e.g.
Kalbe et al., 2007, 2008). With this, uncertainties arise about thedegree of equilibration of pore water with compounds ad/absorbed
to the solids. Non-equilibrium in the column efﬂuent would lead to
under estimation of the concentration that may be reached under
ﬁeld conditions.
Grathwohl and Susset (2009) showed how column tests can be
evaluated based on the liquid-to-solid ratio and how results com-
pare to batch leaching tests and ﬁeld lysimeters. This analysis was
based on well-known analytical solutions of the advection–disper-
sion equation, assuming that local equilibrium is fulﬁlled initially
and during the percolation. Looking at a large data set of 92 sam-
ples (soils, demolition waste, incineration bottom ashes and indus-
trial slag) for different solutes (e.g. chloride, sulfate, copper, and
polycyclic aromatic hydro carbons) they showed reasonable good
model ﬁts assuming general equilibrium conditions in column
tests initially, although non-equilibrium and thus mass transfer
limited release of solutes eventually develops during leaching.
Fig. 1. Aqueous concentrations (Cw) for ﬁlm diffusion (d: ﬁlm thickness) during
desorption in the ﬁnite bath – horizontal dashed lines denote equilibrium (Cw,eq),
red and green gradients show initial and intermediate gradients; top: signiﬁcant
transfer of solute into the water with decreasing concentration in solid phase; top
gradients: signiﬁcant transfer of solute into the water; bottom gradients: strong
sorption or low amounts of water (low liquid-to-solid ratio) or stable concentra-
tions at the solid/water interface e.g. during mineral dissolution (no or relatively
little solute mass is desorbed or dissolved and goes into the aqueous phase until
equilibration).
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concentration decrease in the column efﬂuent after initially higher
equilibrium concentrations. In a comment to Grathwohl and Susset
(2009), Guyonnet (2010) pointed out that initial high concentra-
tions must not be missed and might be caused by initial fast re-
lease rates. In their reply, Grathwohl and Susset (2010) used
numerical simulations of column leaching tests accounting for
mass transfer limitations by slow intraparticle diffusion to show
that initially equilibrium often exists and depending on the ﬂow
velocity after some time concentrations decrease and extended dif-
fusion limited tailing of efﬂuent concentrations develops. This
behavior may, in principle, be ﬁtted by the advection–dispersion
equation, however, with unreasonably large longitudinal disper-
sion coefﬁcients.
Overall, the goal of this paper is to show how liquid-to-solid ra-
tios and grain size inﬂuence the time needed to achieve initial local
equilibrium in the pore water in column leaching tests during pre-
equilibration (which also applies for batch shaking tests: ﬁnite bath)
and how long equilibrium concentrations are observed in the efﬂu-
ent after percolation was started. Theoretical considerations based
onmass transfer principles show that bringing a givenmass of solids
with a certain volume of pore water to a certain degree of equilib-
rium, e.g. 90%, is fundamentally different from removing, e.g. 90%
of a solute from solids during leaching. Two mass transfer mecha-
nisms limiting release kinetics are elucidated: (1) ﬁlm diffusion
through a boundary layer of water of given thickness (ﬁrst order
models) and (2) intraparticle pore diffusion where diffusion dis-
tances increase with time and thus release rates decrease with the
square root of time initially. Both, thepre-equilibrationanddynamic
leaching scenarios (after percolation was started) are discussed.
Since for interface mass transfer the speciﬁc surface are is relevant,
the harmonic mean of grain sizes is considered (see Appendix D).
This study applies easy-to-evaluate analytical solutions or
approximations for ﬁlm and intraparticle diffusion limited mass
transfer, derives the crucial parameters for calculation of the char-
acteristic times for pre-equilibration such as the liquid-to-solid ra-
tio, and estimates realistic time scales for pre-equilibration of
column tests and equilibrium conditions to be expected during
percolation. The appendixes explain (A) parameter deﬁnitions in
analytical solutions for equilibration in a ﬁnite bath (column pre-
equilibration or batch) for ﬁlm and intraparticle diffusion limited
mass transfer, (B) long-term approximations for intraparticle diffu-
sion limited desorption kinetics, and (C) Sherwood numbers to
estimate ﬁlm diffusion limited release in columns and. Also a table
with grain size distributions of recycling materials typically used in
road construction is provided (D). For poorly soluble mineral
phases (quartz, metal oxides and silicates, etc.) these simple mass
transfer models are not sufﬁcient as pH and ionic strength may
change with time which causes shifts in the equilibrium regime.
Here numerical tools coupling chemical speciation models to
transport (e.g. PHREEQC, MIN3P) can be employed (Mayer et al.,
2002; Parkhurst and Appelo, 1999. However, the general conclu-
sions concerning the inﬂuence of speciﬁc surface area and liquid-
to-solid ratio on equilibrium time scales still apply. De Windt
et al. (2011) e.g. use ﬁrst order kinetic rate laws as derived here
and apply them for mineral phases occurring in steel slag. They
show that the ﬁne grained fraction dominates equilibration of pH
and inorganic species. Even when mineral phases change very
slowly over time the pore water chemistry may follow that closely.
2. Pre-equilibration in column and batch tests (ﬁnite bath)
2.1. Film diffusion
Fig. 1 shows boundary conditions in a ﬁnite bath (column dur-
ing pre-equilibration or batch experiment) where solute releasefrom a grain surface is controlled by ﬁlm diffusion (so-called linear
driving force). The approach to equilibrium in the pore water is
described by (see Appendix A for derivation of various rate
parameters):
Cw
Cw;eq
¼ 1 exp kAo 1þ Vw
Kdmd
 
t
 
¼ 1 exp  k6
qsd
md
Vw
þ 1
Kd
 
t
 
ð1Þ
Cw/Cw,eq is the relative concentration in water. k is the mass transfer
coefﬁcient (e.g. in m s1) deﬁned as the aqueous diffusion coefﬁ-
cient divided by a characteristic ﬁlm thickness (d; k = Daq/d,). t de-
notes here the contact time (e.g. in seconds). Ao is the speciﬁc
surface area available for diffusion per volume of water (Vw) in
the column or batch system and as such is a crucial parameter also
accounting for dry mass of the solids (md), solid density (qs) and
grain diameter (d):
Ao ¼ md6
Vwqsd
¼ q6
nqsd
¼ ð1 nÞqs6
nqsd
¼ ð1 nÞ6
nd
ð2Þ
Note, the dry mass divided by the solids density (md/qs) yields the
volume of the solids in a column (which per unit volume is: 1 
n); 6/d (or 3/radius) is the speciﬁc surface area of a sphere. Effective
grain sizes of mixtures are represented by the harmonic mean (d in
denominator), weighted according to the mass fraction of the differ-
ent particle size classes. Thus small grain sizes will dominate equil-
ibration time scales. Note, that the liquid-to-solid ratio LS (=Vw/md)
in a column is given by the porosity to bulk density ratio n/q which
for many materials in columns is approximately 0.25 (n = 0.4,
q = 1.6) whereas in batch tests LS ratios between 2 and 10 are
frequently used.
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tions as a function of the liquid-to-solid ratio (LS = Vw/md). At high
LS ratios (e.g. in batch tests), equilibrium is achieved more slowly
than at low LS ratios typical for column tests (0.25). LS in a col-
umn setup is 40 times smaller than in a 10:1 (liquid:solid) batch
shaking test, hence equilibrium in columns is reached 40 times
faster.
If the argument of the exponential function in Eq. (1) equals 1
we get 1  exp(1) = 0.6321 and 63.2% of Cw/Cw,eq are reached.
Thus a simple characteristic time after that equilibrium is achieved
to 63.2% can be derived from Eq. (1):
t0:63 ¼ 1
kAo 1þ VwKdmd
  ¼ 1
k6
qsd
1
LSþ 1Kd
  ð3Þ
Note, that Ao also includes md/Vw (Eq. (2)), which leads to the
second part of Eq. (3). Equilibration becomes faster with increasing
md/Vw ratios or conversely slows down if the liquid-to-solid ratio
(LS) increases. This general behavior is also observed later for
intraparticle diffusion. If 1/Kd in Eq. (3) is much smaller than 1/LS
(strong sorption and/or low LS), then the characteristic equilibra-
tion time (t0.63) equals the inverse of the rate constant (=kAo) and
is independent on Kd, but still increases linearly with LS. In this
case the relative amount of solute released from the solids is neg-
ligible and thus the change in concentration in the solids is negli-
gible, which corresponds to a constant concentration at the solid/
water interface (bottom case in Fig. 1, equilibration does not de-
pend on Kd). This means that in typical column setups, equilibra-
tion of strongly sorbing compounds only depends on LS and grain
size. This is equivalent to dissolution of minerals with a constant
aqueous concentration at the surface/water interface (i.e. the solu-
bility of the mineral), which does not change over time. Therefore
at low pore water contents equilibrium is approached more
rapidly.
In order to get a realistic estimate of the characteristic equili-
bration time the mass transfer coefﬁcient (k) has to be known,
which depends on the ﬁlm thickness d (see Fig. 1). The latter canFig. 2. Approach to equilibrium (Cw/Cw,eq = 1) as a function of the liquid/solid ratio (
thickness = grain radius, i.e., Sherwood number, Sh = 2); t denotes absolute time in hours
and bulk density, q = 1.6) – LS = 10 corresponds to a 10:1 batch shaking test; 80% of eq
LS = 0.25.be estimated from empirical Sherwood numbers (Sh) and the char-
acteristic particle size:
Sh ¼ kd
Daq
¼ d
d
) d ¼ d
Sh
ð4Þ
The characteristic time for equilibration then is:
t0:63 ¼ 16ShDaq
d2qs
md
Vw
þ 1Kd
  ¼ d2
6ShDaq
qs
1
LSþ 1Kd
  ð5Þ
Sh can be derived from empirical relationships which include the
Schmidt and the Reynolds numbers; it is generally between 2 and
4 (see Appendix C). Fig. 3 shows that for the parameter range cho-
sen (e.g. grain diameter = 1 mm) pre-equilibration time scales in a
column with LS = 0.25 are always less than one hour and becomes
independent on Kd for values larger than 1. Note, that for high LS
(e.g. 10), as it is often the case in batch shaking tests, it would take
much longer and even for higher Sherwood numbers several hours
would be needed for equilibration (e.g. 40 times longer with LS = 10
compared to LS = 0.25). Again, these considerations are valid for
desorption or dissolution processes which are limited by aqueous
diffusion (e.g. release of organic compounds or dissolution of salts);
dissolution of low-solubility minerals such as quartz, feldspars or
metal oxides may be much slower. Since the typical time scale
shown in Fig. 3 is about 1 min for Sh = 2, even a 1000 times lower
rate constant would allow equilibration of the pore water in a col-
umn in less than one day.
2.2. Intraparticle diffusion
In many cases mass transfer is limited by diffusion processes in-
side a porous particle or polymer (e.g. fragments of concrete, slag
or plastic pieces). Unlike in ﬁlm diffusion discussed above, no sim-
ple analytical solution exists, but short-term and long-term
approximations may be explored to assess relevance of grain size
and liquid-to-solid ratios for time scales of equilibration (seeLS) for ﬁlm diffusion (Kd = 4; grain diameter = 1 mm; Daq = 7  1010 m2 s1; ﬁlm
; the plot starts at LS = 0.25 which is typical for column conditions (porosity, n = 0.4
uilibrium is reached after 1.5 h at LS = 10 whereas less than 10 min are needed at
Fig. 3. Characteristic pre-equilibration time (t0.63 corresponds to Cw/Cw,eq = 0.632) in a column for ﬁlm diffusion versus Sherwood numbers and Kd for a grain diameter of
1 mm and LS = 0.25; it would take 2.3 times longer for a 90% approach to equilibrium (Cw/Cw,eq = 0.9), and 4.6 times longer for Cw/Cw,eq = 0.99.
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approximation for intraparticle diffusion limited sorption/desorp-
tion in a ﬁnite bath is (Crank, 1975):
Cw
Cw;eq
¼ M
Meq
¼ 6 mdKd
Vw
þ 1
  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4Dat
pd2
s
ð6Þ
M denotes the mass of solute which has diffused out of the particles
after time t and, in Eq. (6), is compared to the total mass diffused
into the water after equilibrium conditions have established (Meq).
In the uptake modeM/Meq is the mass that has diffused into the par-
ticle relative to the mass in the particle under equilibrium condi-
tions. Since the volume of water is constant, M/Meq equals the
relative concentration in water during desorption (Cw/Cw,eq). Da is
the apparent intraparticle diffusion coefﬁcient (m2 s1) as deﬁned
in Eq. (9). Eq. (6) can be easily solved for time:
t ¼ Cw
Cw;eq
 2 1
mdKd
Vw
þ 1
 2 pd
2
144Da
ð7Þ
For small Kd values (or large LS = Vw/md) Eq. (7) corresponds to the
short-term approximation for intraparticle diffusion in the inﬁnite
bath (LS = inﬁnity). For a typical md/Vw ratio (=1/LS) in a column
of about 4 (=bulk density/porosity) and a relatively low Kd of one,
25 times faster equilibration is achieved than in the inﬁnite bath
conditions. Since this approximation is not valid above 50% equili-
bration (unless for small values of Kd/LS) here the scenario of 50%
equilibration is explored (see also Appendix B for a comparison of
the analytical solutions). For C/Ceq = 0.5 (the square of which yields
0.25) we get as characteristic time:
t0:5 ¼ 0:25pd
2
144Da
mdKd
Vw
þ 1
 2 ¼ d
2
183Da
mdKd
Vw
þ 1
 2 ð8Þ
The apparent intraparticle diffusion coefﬁcient Da may be esti-
mated according to literature (Grathwohl, 1998; Rügner et al.,
1999; Boving and Grathwohl, 2001):
Da ¼ Daqe
2
eþ Kdq ð9Þq denotes here the bulk density of the particle. Assuming an
intraparticle porosity of approx. 5% (e2 = 0.0025) and Kd q e we
get:
Da ¼ Daq400Kdq ð10Þ
with that Eq. (8) becomes:
t0:5 ¼ 1
183Daq
400d2Kdq
mdKd
Vw
þ 1
 2 ¼ d
2
0:46Daq
q
Kd
LS2
þ 2LSþ 1Kd
  ð11Þ
Note, that a maximum equilibration time is reached for Kd = LS
(the term in parenthesis then becomes 4/LS). Thus this maximum
equilibration time becomes longer with increasing LS (decreasing
md/Vw) and increasing grain diameter squared. If Kd becomes larger
than LS then equilibration accelerates because at higher Kd values
the solid phase now has a higher capacity for the solute and a low-
er fraction has to diffuse into the water for equilibration (con-
versely at low Kd or high LS all solute has to diffuse into the
water). Fig. 4 shows t0.5 as a function of Kd and d.
Eqs. (6), (7), (8), and (11) are short-term approximations which
are only valid for relatively low Cw/Cw,eq values, depending on Kd/LS.
Equilibration, e.g. to 63.2% needs more time, but no long-term ana-
lytical approximation is available. Appendix B shows the exact
analytical solution in the ﬁnite bath and discusses some long-term
approximations instead of Eq. (6) which are similar to a linear driv-
ing force model, e.g.:
Cw
Cw;eq
¼ 1 6
p2
exp p2 mdKd
Vw
þ 1
 
4Da
d2
t
 
ð12Þ
Using the same approximations and assumptions as in Eqs. (8)–
(11) we get a characteristic time for 63% equilibration of:
t0:63 ¼ 
lnð1 0:632Þ  ln 6p2
	 

p24Daq
400d2Kdqs
mdKd
Vw
þ 1
  ¼ d2
0:2Daq
qs
1
LSþ 1Kd
  ð13Þ
which is similar to ﬁlm diffusion (Eq. (5)) but, as expected, intrapar-
ticle diffusion is much slower. Using a relatively ‘‘low’’ Sherwood
number of 2 (see Appendix C) for ﬁlm diffusion Eq. (5) becomes:
Fig. 4. Characteristic pre-equilibration time (t0.5 corresponds to Cw/Cw,eq = 0.5) in a column with LS = 0.25 limited by intraparticle diffusion (short term approximation,
Eq. (11)) versus grain size d and Kd (Eq. (11), Daq = 7  10-10 m2 s1; intraparticle porosity = 0.05); for Kd = LS (here 0.25) a maximum equilibration time is observed.
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2
12Daq
qs
1
LSþ 1Kd
  ð14Þ
Obviously equilibration with intraparticle diffusion is much
slower than ﬁlm diffusion. However, in most studies of sorption/
desorption kinetics a fast initial fraction is observed which arises
from rapid release from external surfaces (ﬁlm diffusion, Eq.
(14)) and from a fraction of small particles with large speciﬁc sur-
face areas and thus fast release rates. Figs. 2–5 show that pre-equil-
ibration time scales in columns with LS = 0.25 for all parameter
ranges chosen again are always less than 2 h. In Fig. 5 Eq. (13) is
plotted vs. grain size and Kd. Only for large grain sizes > 1 mm (har-
monic mean) more than 2 h are needed for equilibration to 63.2%
(t0.632); for Kd values > 5 equilibration becomes independent on
Kd. Note, that for large LS, e.g. 10 as in batch shaking tests, it would
take much longer and several days are needed for equilibration
(Fig. 2).
2.3. Equilibrium in column efﬂuent during percolation
If in a pre-equilibrated column ﬂow is started with velocity v,
the equilibrated pore water will be displaced by clean water which
takes up the released contaminant until the equilibrium concentra-
tion after a certain travel distance is achieved (note, that here Cw,eq
corresponds to the original concentration in the pore water equil-
ibrated with solids):
Cw
Cw;eq
¼ 1 exp  kA
o
m
x
 
ð15Þ
Here x/v denotes the contact (residence) time of the water in the
column. A mass transfer zone establishes after the ﬁrst pore volume
is displaced and, upon increasing depletion of the solute, moves
through the column. The length of the mass transfer zone is deﬁned
as the distance Xs traveled after which 63.2% of the equilibrium is
achieved (or equivalently the time the water needs to travel to
achieve that):
Xs ¼ m
kAo
¼ mDaq
d
ð1nÞ6
nd
¼ mn
ShDaq
d2
ð1 nÞ6
ð16ÞFor a relative low Sherwood number of 2, a ﬂow velocity of
2 m d1, a grain size of 1 mm and a porosity (n) of 0.4, we ﬁnd
for a typical organic compound (Daq = 7  1010 m2 s1) that Xs is
less than 1 cm (which is typically observed e.g. for calcite dissolu-
tion, see e.g. Baumann et al., 1985). If the column is longer than Xs
more than 63.2% of the equilibrium concentration is observed in
the column efﬂuent until the mass transfer zone arrives at the col-
umn outlet. After the mass transfer zone is established initially
after t = Xs/v, it moves with retarded velocity until the end of the
column is reached (then concentrations in the efﬂuent drop below
0.632 of the equilibrium concentration) and a characteristic test
time may be deﬁned during which concentrations close to equilib-
rium are observed in the column efﬂuent (teq):
teq ¼ Xsm þ
xcolumn  Xs
m
R ¼ xcolumn
m
Xs
xcolumn
þ R 1 Xs
xcolumn
  
teq ¼ xcolumnm 1þ Kd
q
n
1 Xs
xcolumn
   ð17Þ
The term (1 + Kdq/n) denotes the retardation factor and xcolumn is the
total column length. For Xs = xcolumn, the relative concentration al-
ready drops below 0.632 of the equilibrium concentration after
the ﬁrst pore volume has been displaced. Also if Kd is zero, the sol-
ute concentration in the efﬂuent drops after one pore volume was
displaced form the column (then the solute in the column is de-
pleted). For Xs  xcolumn a steep front moves through the column
with retarded velocity.
Eqs. (15)–(17) consider the relatively simple case of ﬁlm diffu-
sion with a stable length of the mass transfer zone. In leaching of
the majority of (mineral) waste materials, which release solutes
predominantly from intraparticle pore spaces the length of the
mass transfer zone initially is very short (steep gradients in the
particles at early times), but will increase with test time and even-
tually may become longer than the column length. As in Appendix
A we can replace the ﬁlm thickness in Eq. (16) by an increasing
intraparticle diffusion distance and use the effective intraparticle
diffusion coefﬁcient (De):
Xs ¼ mDeﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p DeKdqs
t
q ð1nÞ6
nd
¼ mnﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DeKdqs
pd2t
q
ð1 nÞ6
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pt
DeKdqs
s
mnd
ð1 nÞ6 ð18Þ
Fig. 5. Characteristic pre-equilibration time for Cw/Cw,eq = 0.63 in a column with LS = 0.25 for intraparticle diffusion (long term approximation, Eq. (13)) as a function of grain
size d and Kd; for a harmonic mean of 1 mm less than 2 h would be sufﬁcient for equilibration.
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of the mass transfer zone now increases with the square root of test
time, but decreases with increasing Kd. As Fig. 6 shows Xs stays be-
low 0.5 m for a leaching time period of 2 days if Kd is larger than 3.
For Kd larger than 10, Xs in Fig. 6 always is less than 0.25 m.
The analytical solutions and approximations discussed above
demonstrate the signiﬁcance of different parameters on equilibra-
tion time scales and lengths of mass transfer zones. A comprehen-
sive analysis of the various leaching scenarios requires numerical
solutions, both in terms of slow intraparticle dominated mass
transfer (e.g. with nonlinear sorption) coupled to ﬂow of water in
the column, and in case of mixed grain sizes (e.g. by Susset,
2004). As an example, Fig. 7 shows a numerical simulation illus-
trating how concentration proﬁles in a percolation scenario devel-
op for two different grain sizes over test time. This numericalFig. 6. Length of mass transfer zones for transient intraparticle diffusion versus contact
1 mm (Eq. (18); Daq = 7  1010 m2 s1; intraparticle porosity = 0.05; v = 1 m day1).example uses typical column lengths (30 cm) and ﬂow velocities
(1 m day1) used in laboratory percolation tests. Initially, for both
the ﬁne and coarse grain sizes equilibrium concentrations are
reached in the column efﬂuent. Mass transfer is much faster and
equilibrium conditions are maintained at the efﬂuent for longer
time periods for ﬁner grain sizes with larger speciﬁc surface area,
whereas in the coarse grained case non-equilibrium is observed
very rapidly followed by an extended tailing of low concentrations.
The time period of equilibrium leaching can also be estimated by a
Damköhler number approach which compares residence time of
water in the column (tcolumn) with time scales for ﬁrst order mass
transfer (trelease) which is equivalent to comparing the xcolumn to Xs:
Da ¼ tcolumn
trelease
¼ xcolumn
m
kAo ¼ xcolumn kA
o
m
¼ xcolumn
Xs
ð19Þ(or residence) time t in a column test and Kd for a porosity of 0.4 and a grain size of
Fig. 7. Development of concentration proﬁles during percolation of a column at 9
time steps from 8.3 h, 16.6 h, 24.9 h, 33.2 h, 41.5 h, 49.8, 58.1 h, 66.4 h to 74.7 h for
two particle diameters (dashed:small = 0.1 mm; solid:large = 1 mm) and intrapar-
ticle diffusion limited desorption of phenanthrene; in both cases equilibrium in the
efﬂuent is observed initially, but for the large grain size concentrations drop after
one day below 90% of the equilibrium concentration whereas for the ﬁne grained
material equilibrium is observed for an extended period of time until the mass
transfer zone reaches the column end and concentrations drop below the slow case
(Kd = 3; intraparticle porosity = 5%; ﬂow velocity = 1 m day1; porosity = 0.4, solids
density = 2700 kg m3; column length = 0.3 m).
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kAo denotes the rate coefﬁcient (inverse time scale) as discussed
above. Equilibrium conditions may be assumed for Damköhler
numbers (Da) larger than 10. Concentrations in the column efﬂuent
drop after the pore volume was displaced R-times. For Da < 0.01 re-
lease is so slow that conservative transport can be assumed, i.e. the
efﬂuent concentrations will drop rapidly already after one pore vol-
ume was displaced (Susset, 2004).
3. Conclusions
Analysis of different mass transfer processes based on realistic
parameter estimates show:
(1) Column tests are much faster in pre-equilibration than batch
tests because of low liquid-to-solid ratios of 0.25 instead of
e.g. 10 (40 times faster for Kd >> 0.25).
(2) A fundamental difference exists between equilibration time
scales of water with solids to a certain degree of equilibra-
tion in the ﬁnite bath (batch or column) and leaching of
the same fraction of contaminant from a solid under inﬁnite
bath conditions. Leaching is a factor of Kd/LS + 1 slower than
pore water equilibration (Eq. (13)). For Kd values >> 1/LS
equilibration time scales decrease and ﬁnally become inde-
pendent on Kd. This makes sense, since due to larger Kd val-
ues (and/or smaller LS) a lower fraction of the solute has to
diffuse from the solid phase into the pore water.
(3) If solute release is limited by a intraparticle diffusion pro-
cess, then a maximum equilibration time exists under ﬁnite
bath conditions (in the short term approximation for Kd = LS)
and at high Kd equilibration becomes faster whereas increas-
ing LS always leads to longer equilibration time scales.
(4) Pre-equilibration in columns (and batch tests) depends on
the speciﬁc surface area available for mass transfer and thus
on the harmonic mean, i.e. the small grain size fractions. For
organic compounds and easily soluble minerals, equilibrium
is established in less than a few hours.
(5) Lengths of mass transfer zones even for slow intraparticle
diffusion limited contaminant release typically are much
shorter than the lengths of columns used in leaching tests
(<0.3 m) even at ﬂow velocities of less than 1 m d1 andgrain sizes of 2 mm. Equilibrium concentrations in the col-
umn efﬂuent are maintained for several days even if slow
intraparticle diffusion limited release is considered.
These conclusions are drawn on analytical solutions available
for ﬁrst order mass transfer processes as well as for long-term
approximations for intraparticle diffusion and are valid for the har-
monic mean of grain size mixtures and linear sorption. More de-
tailed numerical simulations performed by Susset (2004) and
large experimental data sets conﬁrm the general observations pre-
sented here. More laboratory and numerical investigations are
ongoing especially concerning the comparison of the different draft
standards under discussion. Additional work with geochemical
models and kinetic controls is needed to extend the principles
illustrated here to inorganic species and real waste materials such
as steel slag, bottom ashes and demolition waste.
Appendix A. Derivation of equilibration time in ﬁlm diffusion
controlled mass transfer in a ﬁnite bath scenario
In order to illustrate the interplay of the different parameters
(speciﬁc surface area, grain size and distribution coefﬁcients) in
the following the analytical solutions for ﬁrst order mass transfer
kinetics are derived and extended to the short term approximation
of interparticle diffusion for spherical particles. Initially all the sol-
ute is either associated with the particles (desorption) or in the
water (sorption). If a certain mass of solids is in contact with a lim-
ited volume of water (e.g. during pre-equilibration in a column test
but also in laboratory batch experiments with bottles) the ap-
proach to equilibrium of a solute (initially in the water or associ-
ated/sorbed to the solids) depends on the mass of sorbent or
solids (md) and the volume of water (Vw) in the system. The mass
balances in such a system expressed by the respective rates is:
Vw
@Cw
@t
¼ md @Cs
@t
ðA:1Þ
Thus the mass gained (or lost) in the water equals the mass lost
(or gained) from the solids. If we introduce LS = Vw/md we get:
LS
@Cw
@t
¼  @Cs
@t
ðA:2Þ
After a certain time, equilibrium between concentrations in the
solids and water will be obtained deﬁned as:
Cs;eq ¼ KdCw;eq ðA:3Þ
where Kd denotes the distribution coefﬁcient [l kg1]. Kd/LS denotes
the ratio of the mass sorbed to the particles (Ms,eq) to the mass of
solute in water (Mw,eq) under equilibrium conditions (=Ms,eq/Mw,eq
= Cw,eqKdmd/Cw,eqVw). If we assume uniform concentrations inside
the particles and an external mass transfer resistance (e.g. ﬁlm dif-
fusion in the water layer surrounding each particle and the total
particle surface area = number of spherical particles times surface
area of a sphere) then mass transfer follows Fick’s ﬁrst law:
@Cw
@t
¼ Daq
d
md6
qsVwd
ðC 0w  CwÞ ¼ kAoðC 0w  CwÞ ðA:4Þ
d, qs and d denote grain size, solids density and the ﬁlm thickness
for mass transfer, k (=Daq/d) and Ao (=md6/(Vwqsd)) are the mass
transfer coefﬁcient [m s1] and the speciﬁc surface area per unit
volume of pore water [m2 m3 = m1] (the term 6/(qsd) is the spe-
ciﬁc surface area of the particles per dry mass, e.g. in m2 g1). C0w de-
notes the unknown concentration at the water/particle boundary
(=Cs/Kd); Cw is the concentration in bulk water at a given time.
Eq. (A.4) can be easily solved numerically (e.g. in spreadsheets
keeping track of the solids and aqueous concentrations Cs and Cw
after each time step) or analytically as shown in the following.
Fig. B.1. Comparison of the analytical solution (solid lines, Eq. (B.1)) of intraparticle
diffusion in a ﬁnite bath with short-term (dotted) and long-term approximations
(dash-dot, Eq. (B.7)) for different values of b (=LS/Kd): 10 (green), 0.5 (blue), 0.05
(red), 0.01 (black) which at a LS ratio of 0.25 correspond to Kd values of 0.025, 0.5, 5,
25, resp.; note that for short-term and analytical solutions the intermediate value
for b of 0.5 (blue) results in slowest equilibration, which is not reﬂected in the long-
term approximation; maximum time for 90% equilibration for example achieved for
b = 0.125; 50% of sorption equilibrium is achieved very rapidly for strong sorption
(black solid line) but followed by a slow approach to equilibrium (tailing);
dimensionless time is based on the grain radius a (=d/2) and the effective diffusion
coefﬁcient, De which allows to see the inﬂuence of sorption (Kd). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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concentration in the solids (Cs,o) minus the actual concentration
in the water Cw; at the interface equilibrium conditions exists be-
tween the solid phase and water:
C 0w ¼
Cs;omd  CwVw
Kdmd
¼ Cs;o
Kd
CwVw
Kdmd
¼ Cs;eqmd þ Cw;eqVw
Kdmd
 CwVw
Kdmd
¼ Cw;eq þ Cw;eqVwKdmd 
CwVw
Kdmd
¼ Cw;eq 1þ VwKdmd
 
 CwVw
Kdmd
ðA:5Þ
The concentration difference then is:
C 0w  Cw ¼ Cw;eq 1þ
Vw
Kdmd
 
 CwVw
Kdmd
 Cw
¼ 1þ Vw
Kdmd
 
ðCw;eq  CwÞ ðA:6Þ
Thus Eq. (A.4) becomes:
@Cw
@t
¼ kAo 1þ LS
Kd
 
ðCw;eq  CwÞ ðA:7Þ
which upon integration yields the following analytical solution (ini-
tial condition Cw (t = 0) = 0):Z Cw
0
@Cw
Cw;eqCw¼
Z t
0
kAo 1þ LS
Kd
 
@t lnðCw;eqCwÞþ lnðCw;eqÞ
¼ ln 1 Cw
Cw;eq
 
¼ kAo 1þ LS
Kd
 
t
Cw
Cw;eq
¼1exp kAo 1þ LS
Kd
 
t
 
¼1exp k 6
qsd
1
LS
þ 1
Kd
 
t
 
ðA:8Þ
If we assume internal mass transfer resistance such as intrapar-
ticle diffusion, k in Eq. (A.4) may be expressed as De/d, where De is
the effective intraparticle diffusion coefﬁcient (Daqe2) and d the
mean square displacement (=diffusion distance) which grows with
the square root of time:
@Cw
@t
¼ Deﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pDat
p Ao 1þ LS
Kd
 
ðCw;eq  CwÞ

ﬃﬃﬃﬃﬃ
Da
pt
r
Kdqs6
qsdLS
1þ LS
Kd
 
ðCw;eq  CwÞ ðA:9Þ
The approximation is based on: De = DaKdqs. The solution for
early times (Cw Cw,eq) may be easily obtained upon integration
(with Cw  0):
Z Cw
0
@Cw
Cw;eq
¼
Z t
0
ﬃﬃﬃﬃﬃ
Da
pt
r
Kd6
dLS
1þ LS
Kd
 
dt ðA:10Þ
Cw
Cw;eq
¼ 2
ﬃﬃﬃﬃﬃﬃﬃ
Dat
p
r
Kd6
dLS
1þ LS
Kd
 
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4Dat
pd2
s
6
Kd
LS
þ 1
 
which corresponds to the early time solution for intraparticle diffu-
sion (Eq. (6)).
The time needed to desorb a certain fraction of the compound
from a particle in the inﬁnite bath (Cw = 0, tP 0; C
0
w = Cs/Kd) can
easily be derived by combining Eq. (A.1) with the ﬁlm diffusion
approach:
md @Cs
@t
¼ Daq
d
md6
qsd
ðC 0w  CwÞ ¼ k
md6
qsd
Cs
Kd
 0
 
ðA:11Þ
6/(qsd) denote the speciﬁc surface area per mass of solids (e.g.
m2 kg1). Integration starting from the initial concentration in the
solids (Cs,o) yields:Z Cs
Cs;o
@Cs
Cs
¼
Z t
0
 k6
dqsKd
@t
lnðCsÞ  lnðCs;oÞ ¼  k6dqsKd
t ðA:12Þ
Cs
Cs;o
¼ exp k 6
qsdKd
t
 
This differs from equilibration in the ﬁnite bath (see Eq. (A.8))
by the factor Kd/LS + 1, so that equilibration of pore water e.g. in
a column to 90% is faster than desorption of 90% of a sorbate by
a factor of Kd/LS + 1. Thus high Kd values and low liquid-to-solid ra-
tios speed up equilibration in a ﬁnite bath, whereas increasing Kd
slows down desorption in the inﬁnite bath.
Appendix B. Long-term approximations of diffusion limited
sorption/desorption in ﬁnite bath
For sorptive uptake or release of a solute in a ﬁnite bath (stag-
nant column or batch test) limited by intraparticle diffusion, Crank
(1975) gave following analytical solution for spherical particles:
M
Meq
¼ 1
X1
n¼1
6bðbþ 1Þ
9þ 9bþ q2nb2
exp q2n
4Da
d2
t
 
ðB:1Þ
M denotes the cumulative solute mass desorbed (or sorbed) from
(by) the interior of a sphere with diameter d vs. time t. Meq is the
solute mass which was ﬁnally desorbed (or sorbed) after equilib-
rium conditions were reached (at constant Vw and md it therefore
corresponds to Cw/Cw,eq for desorption and Cs/Cs,eq for sorption). Da
and b are the apparent diffusion coefﬁcient and the ratio of the sol-
ute mass in water to the mass in solids under equilibrium condi-
tions (=LS/Kd). qn represents the non-zero roots of:
Table D.1
Examples on typical grain sizes used in road construction with recycling materials; the cumulative speciﬁc surface area is based on the volume of each grain size fraction (6/diameter) – the max. value corresponds to 6 divided by the
harmonic mean diameter
Grain size (cutoff) (mm) 0.063 0.5 1 2 4 5.6 8 11.2 16 22.4 31.5 45 56 Mean grain sizes [mm]
Mean grain size of each fraction (mm) 0.0315 0.2815 0.75 1.5 3 4.8 6.8 9.6 13.6 19.2 26.95 38.25 47.25 Arithmetic Harmonic
Frost protection layer: 0/8 (Frostschutzschicht)
Cum. mass fraction upper limit ( ) 0.05 0.57 0.75 0.8 0.87 0.92 0.99 1
Cum. mass fraction lower limit () 0 0.12 0.15 0.31 0.47 0.68 0.9 1
Mass fraction upper limit () 0.05 0.52 0.18 0.05 0.07 0.05 0.07 0.01 1.4 0.3
Mass fraction lower limit () 0 0.12 0.03 0.16 0.16 0.21 0.22 0.1 4.2 1.4
Mass fraction mean () 0.025 0.32 0.11 0.105 0.12 0.13 0.145 0.055 2.8 0.45
Cum. speciﬁc surface area (m2 m3) 4.76 11.58 12.42 12.84 13.07 13.24 13.36 13.40
Frost protection layer 0/32
Cum. mass fraction upper limit () 0.05 0.47 0.61 0.75 0.79 0.81 0.82 0.85 0.87 0.92 0.99 1
Cum. mass fraction lower limit () 0 0.09 0.12 0.15 0.26 0.31 0.36 0.41 0.47 0.68 0.9 1
Mass fraction upper limit () 0.05 0.42 0.14 0.14 0.04 0.02 0.01 0.03 0.02 0.05 0.07 0.01 4.5 0.3
Mass fraction lower limit () 0 0.09 0.03 0.03 0.11 0.05 0.05 0.05 0.06 0.21 0.22 0.1 16.1 2.1
Mass fraction mean () 0.025 0.255 0.09 0.085 0.08 0.035 0.03 0.04 0.04 0.13 0.145 0.055 10.3 0.52
Cum. speciﬁc surface area (m2 m3) 4.76 10.20 10.88 11.22 11.37 11.41 11.44 11.46 11.48 11.52 11.55 11.56
Frost protection layer: 0/45
Cum. mass fraction upper limit () 0.05 0.47 0.61 0.75 0.78 0.8 0.81 0.83 0.85 0.87 0.92 0.99 1
Cum. mass fraction lower limit () 0 0.09 0.12 0.15 0.24 0.28 0.33 0.37 0.42 0.47 0.69 0.9 1
Mass fraction upper limit () 0.05 0.42 0.14 0.14 0.03 0.02 0.01 0.02 0.02 0.02 0.05 0.07 0.01 6.0 0.3
Mass fraction lower limit () 0 0.09 0.03 0.03 0.09 0.04 0.05 0.04 0.05 0.05 0.22 0.21 0.1 21.6 2.2
Mass fraction mean () 0.025 0.255 0.09 0.085 0.06 0.03 0.03 0.03 0.035 0.035 0.135 0.14 0.055 13.8 0.52
Cum. speciﬁc surface area (m2 m3) 4.76 10.20 10.88 11.22 11.34 11.37 11.40 11.42 11.44 11.45 11.48 11.50 11.51
Road upper base course: 0/45 (Schottertragschicht)
Cum. mass fraction upper limit () 0.05 0.3 0.35 0.4 0.48 0.52 0.56 0.6 0.68 0.77 0.88 0.99 1
Cum. mass fraction lower limit () 0 0.1 0.14 0.23 0.27 0.3 0.37 0.43 0.54 0.63 0.75 0.9 0.98
Mass fraction upper limit () 0.05 0.25 0.05 0.05 0.08 0.04 0.04 0.04 0.08 0.09 0.11 0.11 0.01 13.5 0.4
Mass fraction lower limit () 0 0.1 0.04 0.09 0.04 0.03 0.07 0.06 0.11 0.09 0.12 0.15 0.08 18.9 1.9
Mass fraction mean () 0.025 0.175 0.045 0.07 0.06 0.035 0.055 0.05 0.095 0.09 0.115 0.13 0.045 15.4 0.63
Cum. speciﬁc surface area (m2 m3) 4.76 8.49 8.85 9.13 9.25 9.30 9.34 9.38 9.42 9.45 9.47 9.49 9.50
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3þ qn
3þ bq2n
ðB:2Þ
For large values of b (large LS, small Kd), inﬁnite bath boundary
conditions are approached and a long-term approximation exists
which gives good ﬁts for M/Meq > 0.6:
M
Meq
¼ 1 6
p2
exp p2 4Da
d2
t
 
ðB:3Þ
For small values of b, no unique long-term approximations are
available. Hills (1986) suggests to use the ﬁrst term in the series
expansion which requires solving Eq. (B.2) to get qn:
M
Meq
¼ 1 6bðbþ 1Þ
9þ 9bþ q2nb2
exp q2n
4Da
d2
t
 
ðB:4Þ
As b gets very small (large Kd) the pre-exponential factor ap-
proaches 2/3b and ﬁnally becomes zero. Therefore Eq. (A3-4) ﬁts
only for longer time scales when M/Meq is close to 1. Alternatively
the linear driving force model could be used to approximate
Eq. (B.4):
M
Meq
¼ 1 exp p2 1þ 1
b
 
4Da
d2
t
 
ðB:5Þ
Hills (1986) suggests to use a closer approximation:
M
Meq
¼ 1 exp  p
2 bþ 1ð Þ
1þ b p2=15
4Da
d2
t
 
ðB:6Þ
If b goes to zero (large Kd) Eqs. (B.5) and (B.6) are almost the same
but in contrast to (B.4) they lack a pre-exponential factor which
leads only to good ﬁts for very large times. Comparison with the
exact solution (Eq. (B.1)) shows that at least for 1  M/Meq of >0.1
(> 0% of equilibrium achieved) the linear driving force model with
a pre-exponential factor of 6/p2 yields good ﬁts:
M
Meq
¼ 1 6
p2
exp p2 1þ 1
b
 
4Da
d2
t
 
ðB:7Þ
Eq. (B.7) approaches the long-term solution of the inﬁnite bath
and is similar to the linear driving force model. Fig. B.1 compares
Eqs. (B.1) and (B.7) with the short-term approximation for
intraparticle diffusion as a function of different values of b (=LS/
Kd). Analytical solutions for 95% equilibration converge at the
dimensionless time of approx. 0.07 (which would correspond to a
universal time scale for equilibration of e.g. 1 week for 5% intrapar-
ticle porosity and half a year for 1% intraparticle porosity at a grain
radius of 1 mm). Note that equilibration to 80% is more than one
order of magnitude faster and the ﬁrst order approximation only
ﬁts the analytical solution for large values of b (or low Kds).
Appendix C. Estimation of Sherwood numbers
To calculate the ﬁlm thickness for the mass transfer coefﬁcient
k, the Sherwood Number Sh can be used. Seguin et al. (1996) pro-
pose the following relationship for a general case of mass transfer
in packed beds accounting for porosity (n = 0.28–0.48):
Sh ¼ 1:13
n
Re1=2Sc1=3 ðC:1Þ
which is close to the classic relationship by Fitzer et. al. (1995) for
porosities of 0.4–0.5 (Sh = 1.9Re1/2Sc1/3).
Schmidt (Sc) and Reynolds (Re) numbers are deﬁned as:
Sc ¼ m
Daq
; Re ¼ dma
m
ðC:2Þ
For diffusion coefﬁcients (Daq) in the range of 1  1010 m2 s1,
kinematic viscosities (m) of water around 1  106 m2 s1, a ﬂow
velocity of 1  105 m s1 (0.846 m d1), and a grain size (d) of1 mm, Re and Sc are 0.01 and 1000, respectively (Re1/2Sc1/3 = 1).
Typical values of Sh for laminar ﬂow in porous media are thus
around 2–4, depending on porosity.
Appendix D. Compilation of grain size distributions of recycling
materials
Typical recycling materials, e.g. used for road construction,
usually have relatively wide grain size distributions. Table D.1
compiles a few examples from German standards for typical mate-
rials. Note, that all materials have a maximum mean mass fraction
in the ﬁne sand region (0.063–0.5 mm) which provides a large spe-
ciﬁc surface area for mass transfer. Consequently, 90% of the max-
imum speciﬁc surface area is already the sand fraction – coarse
grain sizes occupy only relatively small mass fractions. Neverthe-
less, it should be noted that extremely coarse materials may exist
(e.g. steel slag for noise protection dams) which have narrow grain
size distributions and not much ﬁne materials. Concerning the
examples shown below, the majority (>90%) of recycling materials
are used in grains sizes 0/32 and 0/45; the fraction 0/8 is not much
used but shows that the harmonic mean is only 15% smaller than
for the coarse fractions. Thus removing the coarse fraction e.g.
for leaching tests does not lead to a drastic increase of the mass
transfer kinetics. The same applies to crushing coarse grain size
fractions to sizes not signiﬁcantly smaller than the harmonic mean
diameter.
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